Biofilms are present to a greater or lesser degree in virtually all drinking water distribution systems. In order to investigate the relative intensity and the spatial and temporal distributions of the active sessile-colonization, protein was determined in native biofilm samples from the Oeiras-Amadora (OADS) and the Almada (ADS) distribution systems in Portugal. Samples (25 cm 2 ) were taken from lengths of asbestos cement pipes of different ages and diameters. Protein was detected at levels from 0.3 to 68 µg/cm 2 in samples from all analysed pipe diameters and ages. At OADS, protein was found at 0.3 to 1 mg/cm 2 in 99% of the samples. At ADS, protein was only found in 30% of the samples, but at significantly higher levels (0.3 to 68 mg/cm 2 ). In addition to displaying a more intense and scattered active colonization, ADS's oldest-pipes (in use for over 30 years) solely exhibited protein at the highest levels found (>19 mg/cm 2 ), in contrast with the younger pipes where protein levels ranged from 0.3 to 19 mg/cm 2 . Observed results suggest that the spatial and temporal distribution patterns of the active biofilm colonization may vary significantly among drinking water networks and may have a rather slow evolution, possibly at the decades scale.
Introduction
Regardless of the presence of chlorine residual, biofilms invariably develop on the internal surfaces of drinking water pipes (Geldreich, 1996) . In addition to the possibility of hosting pathogens (Bushwell et al., 1998; Mackay et al., 1998; Norton and Chevalier, 2000) , biofilm populations are a source of coliforms of non-faecal origin (LeChevallier et al., 1987) . Thus, drinking water pipe sessile populations may compromise the microbiological quality of the water and, due to the release of species that give positive coliform tests, are a cause for added uncertainty in the microbiological analysis of drinking water.
While some of the factors that control drinking water biofilm development are known (Norton and Chevalier, 2000) , quantitative data about the intensity and extent of drinking water pipe sessile colonisation are scarce. Consequently, little is known about the active biofilm spatial and temporal distribution patterns inside drinking water network pipes.
Biofilm microbial cells are embedded in an exopolymeric matrix that hampers counting of individual microorganisms (Lazarova and Manem, 1995) . In addition most species occurring in drinking water biofilms are nonculturable and many may be even undetectable with oligonucleotide probes (Kalmbach et al., 1997) . Thus, since an inactive matrix is the predominant fraction of the biofilm mass, available methods for biomass determination and microbial cell enumeration are not suitable for assessing the actual number and activity of cells in biofilms.
However, as for other cell constituents (e.g., ATP, ARN), there is a correlation between biofilm protein contents and the amount of occurring active cells (Lazarova and Manem, 1995) . Nevertheless, as the cell composition differs among species, varies with the cell physiological state and especially with the phenotypical modifications that occur in biofilms (Sauer et al., 2002) , such correlation cannot be precisely quantified. Even so, protein determination is a valuable measure of biofilms' active-biomass, particularly for samples containing a high proportion of non-biological material, like those from drinking water systems (Schwartz et al., 2000) .
In this work, the relative intensity and spatial and temporal distribution of the active biofilm colonization was comparatively assessed in two drinking water networks by determining the protein content in native biofilm samples.
Materials and methods

Biofilm samples
Biofilm samples were taken from 25 asbestos cement pipe lengths (0.3 to 1 m long) collected from the Almada water distribution system (ADS) and from 10 pipe lengths collected from the Oeiras-Amadora distribution system (OADS), during pipe burst repairs. The resident populations supplied by the two systems, both adjacent to Lisbon, are 160,000 and 330,000, respectively.
OADS water is mostly of surface origin and has a total organic carbon (TOC) that averages ca. 3 mg/L. Conversely, and in spite of its deep groundwater origin, the ADS water displays TOC levels around 10 mg/L. OADS receives water from a conventional treatment plant with no ozonation. However, both waters undergo postdisinfection with sodium hypochlorite, which is the only treatment applied to ADS water. In addition, chlorine residual is maintained throughout both systems at levels ranging from ca. 0.2 to 1 mg/L.
Both the OADS and the ADS systems comply with the European Drinking Water Directive (Council Directive 98/83/EC). Accordingly, the systems supply water of good microbiological quality, and no coliform occurrences have been reported.
Samples were collected by deeply scraping standard rectangular areas (5 × 5 cm) of the pipe's inner surface with a sterile spatula, after intensively rinsing the sampling surface with distilled water. Sampled pipes were of different ages (10 to 60 years) and diameters (50, 60, 70, 80, 100, 125, 150 and 200 mm) . In order to investigate the angular and longitudinal distribution of the active colonisation, sampling was carried out radially at 0°, 90º, 180º and 270º, and along the length of the pipe at 30 cm (OADS) or 50 cm intervals (ADS).
Analytical
Biofilm protein content was determined by using the Bradford assay (Bradford, 1976) , with bovine serum albumin (Merck, albumin fraction V) as standard. Cell lysis and protein solubilization were done by treating biofilm samples with 3.2 mL of NaOH 1 M, at 100 ºC, for 10 min, as prescribed by Daniels et al. (1994) . The amount of solubilized protein determined for each biofilm sample (25 cm 2 ) was expressed as mass per unit area (µg/cm 2 ). Protein could be detected down to 4 mg/L, which corresponded to a detection limit of 1 µg/cm 2 in biofilm samples.
Results
Protein detection
Preliminary analyses of the protein content in biofilm samples were carried out in 10, 20, 40 and 80 cm 2 test areas, in order to define the sampling area size. Samples (16) were taken from 4 ADS pipe lengths of 80 mm diameter and varying ages. Protein was detected at levels ranging from 0.5 to 15 µg/cm 2 in 33% of the samples with an area of 20 cm 2 or greater. As the use of a minimal area would maximise sampling resolution, a standard area of 25 cm 2 was taken as suitable for the purpose of this study.
Protein was detected in 99% of the study samples (67) from the OADS, at levels between 0.3 and 1 µg/cm 2 . However, it was only detected in 30% of the samples (90) from the ADS, predominantly at levels ranging from 0.3 to 19 µg/cm 2 (54 and 68 µg/cm 2 were found in 2 samples from 2 of the oldest pipes studied).
While biofilm colonization visually appeared more intense in pipes of smaller diameters, albeit the fact that the 2 samples that gave the highest protein level were from 50 and 80 mm diameter pipes, no relationship between pipes' diameter and the intensity patterns of the active colonization was found.
Spatial distribution of detectable protein
Significant differences (up to 100%) in protein levels were only observed between a few sets (6) of angularly and linearly adjacent samples from OADS pipes. A greater angular and longitudinal heterogeneity in protein distribution was found on ADS pipes. However, although there was some expectation of an angular distribution influenced by settling or scouring effects, no relationship between the detected protein levels and the sampling angle or longitudinal position was apparent for either the OADS or the ADS samples.
Temporal distribution of the active colonization intensity
The youngest pipes available for sampling were 10 years old at ADS and 20 years old at OADS. The age of the older pipes was not accurately known, but the available information suggested that they had been in use for more than 3 decades and up to 60 years.
While 70% of the samples from ADS appeared to be devoid of active biofilm, protein was detected in samples from ADS pipes of all the available ages, at levels ranging from 0.3 to 68 µg/cm 2 .
As illustrated in Figure 1 , protein was found at levels ranging from 0.3 to >19 µg/cm 2 in ADS pipe lengths that had been in use for less than 30 years. Remarkably, in the oldest pipes (>30 years), protein was only detected at the highest levels observed.
Most samples (99%) from OADS exhibited detectable protein. However, in contrast with what was observed at ADS, protein was only found at the two lowest levels detected, independently of pipe age. 
Discussion
Protein was determined in a significant number of relatively small samples (ca. 0.1 g) of biofilms from 2 large drinking water distribution networks. Therefore, as for wastewater biofilms (Lazarova and Manem, 1995) , it is likely that protein determination may provide a simple and practical method for assessing the intensity and the distribution of the active sessile-colonisation in the drinking water pipes' ecosystem. Results indicated that the two systems exhibit dissimilar patterns in their spatial colonization by active biofilm. While a highly scattered protein distribution was evident in ADS pipes, a more homogeneous, yet limited, active-colonization was found at OADS. As the availability of pipe segments depended on the quasi-random occurrence of mains bursts, it was not possible to define a spatial sampling plan at the network scale. Nevertheless, the pipe lengths collected were fairly scattered throughout both networks, with no prevalence of any particular type of flow pattern or throughput. Thus, it is likely that the different protein distribution patterns recurrently found in pipe segments from each system are representative of two types of active sessile-colonization that occur throughout OADS and ADS.
The unavailability of samples from pipes in use for less than 10 (ADS) or 20 (OADS) years did not allow an investigation of the early pipe-colonization development. Nevertheless, the results suggest that, after the first 20 years of use, the intensity and distribution of active biofilm in the OADS did not change significantly over time. A different situation was found at ADS. Here the sessile active-biomass was found to occur in a highly scattered manner and to evolve differently over time. The fact that in the oldest pipes, where the proportion of samples with detectable protein was comparable to the younger ones, protein occurred only in spots with the highest levels detected, suggested a rather slow evolution of the ADS microbiota.
TOC is significantly higher in ADS water. Since no other evident differences between ADS and OADS appear to explain the observed dissimilarity in the intensity and spatial and temporal distribution of the active sessile-colonization between the two networks, it is likely that this is related to the TOC levels occurring in the two systems.
Conclusions
The observed results suggest that the intensity and spatial distribution of the active sessilecolonization in drinking water networks may be assessed by measuring the protein contents in pipe biofilm samples, may have patterns that differ significantly among networks and may develop rather slowly, possibly at a decades scale, or larger. In addition, the TOC contents of the distributed water may play a role in the temporal and spatial evolution of the drinking water network microbiota.
